This paper proposes a new class of filtering power dividers integrated with phase shifter and impedance transformer simultaneously for the first time. In contrast to the conventional approaches, the proposed filtering power dividers consist of two asymmetrical generalized bandpass networks, that can achieve arbitrary constant phase difference and good isolation at two output ports. On the one hand, the magnitude and phase properties of two generalized n th -order bandpass networks are systematically studied and fully considered to realize the prescribed power division, filtering function, constant phase difference, and impedance transformation in the co-design. On the other hand, in order to obtain good isolation, the resonator's type and impedance of these two asymmetrical networks are carefully considered and closed-form formula of isolation resistor is also deduced. Theoretical results show that the proposed topology can achieve perfect isolation over entire passband for the arbitrary phase difference. Meanwhile, the synthesis procedures are presented for a quick design process. Finally, two porotypes (90 • power divider and 120 • power divider) with specified different operation bandwidth (15% and 25%), filter order (3rd and 6th), and terminated port impedances (50 and 100 ) are synthesized, fabricated, and tested to verify the proposed design method and predicted frequency responses. It firstly integrates the power divider, filter, phase shifter, and impedance transformer into single component and has several additional advantages, such as low cost, simple geometry, small phase deviation and amplitude imbalance, and easiness for design and fabrication.
I. INTRODUCTION
In modern wireless and mobile communication systems, a RF/microwave transceiver is usually constructed by various components, including the filters, power dividers (PDs), phase shifters, antennas, and so on. At the low gigahertz frequency region, these passive components usually occupy an excessive area apiece. To reduce the fabrication cost and provide system miniaturization, multifunctional microwave components have aroused great research interests [1] - [5] .
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Among them, filtering power dividers (FPD) is a typical multi-functional component which possess both frequency selectivity and power division/combination. In recent years, many efforts have been made to develop diverse integrated methods. One of the most popular approaches is to replace quarter-wave (λ/4) transmission lines in Wilkinson power dividers with the different filtering structures. The four 0 • feeding coupling resonators [6] , dual-mode resonators [7] , stepped-impedance ratio multimode resonators (SIR-MMRs) [8] , and transversal filtering structures [9] are embedded to achieve two-pole singe-/dual-/tripe-/quadpassband FPDs. To achieve high-order filtering response with VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ steep reject-ion skirt, multi-stage in-line and cross-coupling topology is developed [10] , [11] . Besides, the coupled-lines can be also utilized to replace the quarter-wavelength transmission line, which can obtain wideband response [12] , [13] . Moreover, the isolation is another important design index for the FPDs. In order to realize good isolation with high isolation-level and extended bandwidth, the special coupling topology [14] , distributed isolation network [15] , and stepped-impedance resonator network [16] are studied and adopted in the FPDs. Nowadays, magnitude responses of PDs can be realized in different forms, such as the singe-/dual-/tripe-/quadband [6] - [9] , wideband [12] , [13] , and different filter-orders [10] , [11] . However, the phase responses of PDs usually has only two states, that is, in-phase [6] - [16] and out-ofphase [17] - [19] . Besides these two inherent phase differences (0 • and 180 • ), feature of arbitrary phase difference is indispensable in the plenty of applications. For example, the 90 • and 120 • PDs are widely used in multi-fed circularly polarized (CP) antennas, power amplifiers, modulators and reflectometers [20] - [24] . In [25] , a PD with 5.625 • , 11.25 • , 22.5 • , 45 • , 90 • , and 180 • is presented for the multiphase feeding-network. However, all these reported PDs are designed by cascading additional phase shifters to the conventional Wilkinson PDs, which inevitably increase the circuit size. In summary, they are realized by two individual components.
Recently, the integration of PD and phase shifter into one circuity is getting research attention. In [26] , the CVT and CCT technologies are developed to achieve novel PDs with an arbitrary phase difference, but specified phase difference can be only obtained at a single frequency point, restricting them for narrow applications. In [27] , the multi-functional phase shifters on multiple resonant technology is presented, which can achieve arbitrary power distribution and constant phase differences at multiple outputs and it is a new kind of PD. In [28] , design of complex weighted feeding network is proposed based on the similar working principle. However, the proposed PDs in [27] and [28] don't have the ability of isolation, which inevitably results in the poor matching for output ports and large ripples in the magnitude responses. Meanwhile, the mismatching at outputs will seriously cause large phase deviation and amplitude imbalance. In addition, the ability of impedance transformation is not demonstrated.
In this paper, we propose a new class of filtering power divider which firstly integrates the PD, filter, phase shifter, and impedance transformer into single component as shown in Fig. 1 . By fully considering the magnitude and phase properties of two asymmetrical n th -order bandpass networks, the power-division ratio, filtering response, constant phase difference, and impedance transformation can be prescribed simultaneously. What's more, perfect isolation of outputs can be achieved over entire passband theoretically under arbitrary phase difference and terminated impedance for the proposed PD. Closed-form formulas and synthesis method are presented, allowing for a quick design process. Finally, two prototypes are designed and fabricated to confirm the design concept and to validate the predicted results.
II. FUNDAMENTAL THEORY
A. CIRCUIT DIAGRAM Fig. 2 depicts the circuit diagram of the proposed filtering PD with arbitrary constant phase difference. It consists of the two generalized n th -order BPF networks, that is, main and reference branches. Each branch has its own distinctive admittance inverters and susceptances, denoted
The terminated impedances of three ports are denoted as Z S , Z A , and Z B , and the isolation resistor is R iso . At two output ports, the markers P A and P B indicate the output power, whereas the S 21 and S 31 are the output phase shift. For the proposed PD, the power-division ratio is defined as P A /P B = k 2 and phase difference is defined as = S 21 -S 31 . All these design indexes, including the Z S , Z A , Z B , k 2 and , can be arbitrarily prescribed in the given synthesis method. Meanwhile, the perfect isolation (S 32 = 0) can be achieved theoretically. In addition, the filter order and resonators type can be freely chosen for this proposed FPD. For definiteness and without loss of generality, the cases of λ/2 resonator and λ/4 resonator are both taken into account in this design in Fig. 3 . Since the proposed structure is asymmetrical, conventional even-/ odd-mode analysis method for FPD is not applicable. Instead, a new design method based on circuit theory as well as transmission-line theory is carried out and will be illustrated in detail in the following sections.
B. POWER DIVISION AND IMPEDANCE TRANSFORMATION
In order to realize the power-division ratio of k 2 (P A /P B = k 2 ), input impedances of Z ina1 and Z inb1 shown in Fig. 2 are required to satisfy the following conditions
then the Z ina1 and Z inb1 can be derived as
Meanwhile, another condition for power-division ratio of k 2 is that the ratio of the Z inb2 to Z ina2 equals to k 2 , that is
where Z Ar is an arbitrary impedance in design [29] . Fig. 4 depicts the sub-networks of the main and reference branches for the proposed PD. Each branch of the proposed PD has own respective filter order N , bandpass ripple L Ar , and fractional bandwidth (FBW). In this context, the filter order N and bandpass ripple L Ar are set to be identical in the two branches. At the center frequency f 0 , the susceptances of these two branches are both equal to zero, such as
Then, the input impedance Z a1, Z a2 , . . . , Z aN and Z b1, Z b2 , ..., Z bN in Fig. 4 can be calculated by
, · · · , Z aN = 1 
In (6), g 0 , g 1 , . . . g N are element values of low-pass prototype filter, b 1(a/b) , b 2(a/b) , . . . , b N(a/b) are the susceptance slopes, FBW (a/b) is the fractional bandwidth for each branch, Z A and Z B are the terminated impedances of outputs, respectively. Herein, the arbitrary filter order N is considered. When N is even integer, Z a1 and Z b1 are obtained as
When N is odd integer, Z a1 and Z b1 are obtained as
From (7) and (8), we can figure out the input impedances Z ina2 (Z ina2 = Z a1 ) and Z inb2 (Z inb2 = Z b1 ) are only related to the specified FBW, bandpass ripple L Ar , and first susceptance slope b 1 . Thus, the relationship between two first substance slopes for the two branches can be deduced that
For the case of λ/2 resonator as shown in Fig. 3(b) , the first-stage resonator impedance Z r1a and Z r1b should satisfy:
For the case of λ/4 resonator as shown in Fig. 3 (c), these two different topologies between reference planes R 1 and R 2 VOLUME 7, 2019 can be transformed by (11) in [30] . Then we can deduce the Z r1a and Z r1b still meet the requirement in (10) .
Based on the above analysis, arbitrary power-division ratio k 2 and filtering responses with prescribed filter order N , bandpass ripple L Ar , and fractional bandwidth FBW can be obtained for the proposed FPD. Furthermore, the higher-stage resonators can be arbitrarily designed, such as the susceptance slopes b i(a/b) and resonator impedances Z ri(a/b) (i > 1). The terminated impedances Z A and Z B can be set as arbitrary real values to realize impedance transformation.
C. ARBITRARY CONSTANT PHASE DIFFERENCE
Now, let's move to study phase properties of the proposed FPD to realize a constant phase difference = S 21 -S 31 at two output ports as shown in Fig. 5 .
Under the perfect isolation (S 32 = 0) condition, the main and reference branches of proposed FPD can be considered as two individual paths as depicted in Fig. 6 . Herein, the impedance of port 1 is changed from Z S to Z ina1 and Z inb1 , respectively. The ABCD matrix of the two branches in Fig.6 can be calculated by
In (12), the admittance inverters [J 1(a/b) ], . . . , [J N+1(a/b) ] are given in (6) , susceptances [B 1(a/b) ], . . . , [B N(a/b) ] consider both the λ/2 and λ/4 resonator cases as shown in Fig. 3 , and [TL (a/b) ] is the matrix of feeding line for two output ports.
For the reference branch (Path a ), transmission coefficient S 21 can be derived by the ABCD matrix in (12a), that is (13) and the output phase S 21 is accordingly deduced as
For the main branch (Path b ), transmission coefficient S 31 can be derived by the ABCD matrix in (12b), that is (15) and the output phase S 31 is thus obtained as
According to (13) and (16), the phase difference (f) at the center frequency f 0 can be calculated as
In (17), θ A0 and θ B0 are the two electrical lengths of the feeding lines of the proposed FPD at the center frequency f 0 , respectively. To achieve the constant phase difference, the phase slope of these two branches should be identical as demonstrated in Fig.5 , that is
When N is an odd integer, the formula becomes
When N is an even integer, the formula becomes
Compared with previous work [31] which only considers odd-order generalized bandpass network consisting of λ/2 resonators, both the odd-/even-order networks as well as λ/2 and λ/4 resonators are taken into account in this article.
Based on the above deduced formulas in (17)-(20), the arbitrary constant phase difference = S 21 -S 31 of the proposed filtering FPD can be designed quantitatively. 
D. ISOLATION
Isolation between two outputs is an important parameter for the PD. Ideally, when port 2 is excited, port 3 is considered as the virtual ground because no power is transmitted to it (U b = 0) as shown in Fig. 7 . As such, the isolation resistor R iso can be determined by the voltage and current, that is
According to microwave network theory , the relationship between voltages and currents in Fig. 7 can be deduced as
where the ABCD matrices of two networks with admittance inverters J 01a and J 01b are
then we can derive
According to the Kirchhoff's law in circuit theory, I a2 in (24) can be expressed as
Substituting (23)-(25) into (21) , the closed-form formula for isolation resistor R iso of proposed FPD can be derived as
Herein, the relationship between Z ina1 and Z inb1 as well as b r1a and b r1b in (26) should satisfy (2) and (9), respectively. Thus, the formula of R iso can be rewritten as (27). We can find that R iso of proposed FPD is related to operation bandwidth FBW a , filter order N , in-band ripple L Ar , power-division ratio k 2 , resonator impedance Z r1a , and resonator type (λ/2 or λ/4 resonator), but not correlated to terminated impedances of input and output. This conclusion is different to other reported formulas for R iso , such as R iso = Z L (k+ 1/k) in [32] , and R iso = R S (1 + k 2 ) 2 /k 2 in [33] .
For the theoretical verification, Fig. 9 plots the simulated frequency responses of proposed FPDs with prescribed L Ar = 0.1dB, N = 3, FBW a = 15%, = 45 • , 90 • , and 135 • , as well as k 2 = 1 and 2, respectively. The impedances of three ports are set to be different, that is, R S = 50 , R A = 100 , and R B = 200 . Theoretical results of circuit models show that the proposed FPDs can achieve perfect isolation (S 32 = 0) over the entire frequency band under the arbitrary phase difference, terminated impedance, and powerdivision ratio. The good matching is indeed satisfied for S 11 , S 22 , and S 33 at the same time. The designed FPDs can exactly achieve the specified 3 rd -order Chebyshev filtering response and power-division ratio as illustrated in Fig. 9 (a) and (b). Meanwhile, the constant phase difference 45 • , 90 • , and 135 • are exactly realized as shown in Fig. 9(c) . We can also find that the ratio k 2 has no effect on the phase responses. Till now, the proposed design concept and synthesis formulas have been well validated in theory.
III. SYNTHESIS OF THIRD-ORDER 90 • FILTERING POWER DIVIDER (FPD) ON λ/2 RESONATORS
In this section, synthesis procedures of the proposed thirdorder 90 • FPD on λ/2 resonators as shown in Fig. 10 will be demonstrated. This example is implemented on microstripline and the used substrate is Roger's RO4003C with ε r = 3.55, tanδ = 0.0027, and thickness = 0.813 mm. The FPD is centered at f 0 = 3.0GHz with the fractional bandwidth of 15% and the bandpass ripple of 0.1 dB. The elements of 3 rd -order Chebyshev low-pass filter are g 0 = 1, g 1 = 1.0316, g 2 = 1.1474, g 3 = 1.0316, g 4 = 1. Three port impedances are set as Z S = Z A = Z B = 50 and power division-ratio k 2 = 1. The detailed synthesis procedures will be given as below. A. SYNTHESIS PROCEDURES 1). Achieve the 90 • phase difference at two output ports. The electrical length difference of θ A0 and θ B0 for the two feeding lines can be determined at first according to 0 = 90 • at f 0 as
To achieve constant 90 • phase difference, this FPD must be satisfied with the relation concerning the phase slope in (18) . Meanwhile, the close-form formula of phase slope for the third-order 90 • FPD can be derived from (19) , that is
In this design, the bandwidth of reference branch is set equal to the prescribed bandwidth of 15%, that is, FBW a = 0.15. Then, the theoretical value of FBW b can be calculated as 0.163 from (29) . To further extend phase shift bandwidth by introducing small phase ripple, the FBW b can be chosen slightly smaller than calculated one as shown in Fig. 12 .
2) Determine resonator impedances and isolation resistor. For the practical implementation, isolation resistor R ios can only be set to several standard values. In this case, we choose R ios = 464 in E96 series. For the λ/2 resonator, the resonator impedance Z r1a can be derived from (27) , that is
Based on (10), resonator impedance Z r1b is obtained as
According to the theoretical analysis in (7) and (8), the higher-stage resonators can be arbitrarily designed. Herein, we readily set Z r2a = Z r2b = Z r3a = Z r3b = 70 .
3). Calculate the values of all admittance inverters. Since the resonator impedances Z r1a/b ∼ Z r3a/b , fractional bandwidth FBW a/b , and element values g 0 ∼ g 4 are obtained, the values of admittance inverters can be determined as
In (32) , J 01a = 6.56mS, J 12a = 3.56mS, J 23a = 3.09mS, J 34a = 8.08mS; J 01b = 6.56mS, J 12b = 3.71mS, J 23b = 3.36mS, J 34b = 8.42 mS. 4). Map above-calculated circuit parameters into physical dimensions. At first, J 01 admittance inverter can be realized by a λ/4 transmission line with characteristic impedance Z 01 = 1/J 01 . Herein, Z 01a = Z 01b = 152. 4 is set to achieve J 01a = J 01b = 6.56 mS. The extracted curve of J 01 value is shown in Fig. 11(a) . Compared with the theoretical results in Fig. 9 , the perfect isolation (S 32 = 0) can only be obtained at f 0 . It is because the J 01 is deviated from the desired value as shown in Fig. 11(a) , resulting in the S 32 gradually increasing with respect to the frequency. We find the worst S 32 is occurred at the edge of operation band, that is, f iso1 = f 0 (1-FBW/2) and f iso2 = f 0 (1+FBW/2). Then, the S 32 decreases rapidly due to the transmitted energy is suppressed by filtering response.
Secondly, two types of λ/2 resonators are utilized to construct the proposed filtering 90 • PD, that is, open-ended and short-end λ/2 resonators. On the one hand, it validates the proposed design method is independent of the resonator realization. On the other hand, the combination of openended and short-end resonators can effectively suppress the harmonics as studied in [34] . The strip width and length of microstrip-line resonators is determined by using LineCalc Tools in ADS based on the known circuit parameters.
Thirdly, coupling coefficients and external quality factor are determined from the values of admittance inverters as
Based on (32) and (33), we can derive that M 12a = 0.138, M 23a = 0.138, Q eoa = 6.877, M 12b = 0.146, M 23b = 0.146, Q eob = 6.496. Using the method proposed in [35] , the physical dimensions of M 12 , M 23 , and Q eo can be extracted and the relevant results are provided in Fig. 13 . Now, the overall dimensions can be determined. To compensate for certain unexpected effects in quasi-TEM microstrip line structure, slight adjustments are further executed in the simulation.
B. EXPERIMENTAL RESULT
Based on the above-described procedures, the prototype of third-order 90 • FPD is designed, fabricated, and measured. Fabricated photograph and physical layout with dimensions are displayed in Fig. 14. The simulation and measurement are executed by the full-wave simulator NI AWR software 14.0 and the network analyzer R&S ZNB20, respectively. Fig. 15(a) shows the magnitude response of the proposed PD. We can find the desired power division and bandpass responses are indeed satisfactorily realized with the central frequency at 3 GHz, and the fractional bandwidth of 16%. Within the passband, the power is equally split with the |S 21 | and |S 31 | of 3+1.63 dB and 3+1.78 dB. The measured inband insertion loss, including the loss of SMA connectors, is less than 1.78 dB at two outputs. Besides, the maximum amplitude imbalance of the proposed 90 • PD is only 0.15 dB. Meanwhile, simulated and measured results of S 11 , S 22 , and S 33 are presented to exhibit that the return loss is better than 12 dB with bandwidth of 16% for all three I/O ports. What's more, the measured isolation is better than 25 dB over the whole passband. The slight discrepancies between simulated and measured results may be due to unexpected approximation in simulation and tolerance in fabrication. Fig. 15(b) shows the phase response of the proposed PD. We can observe that the constant 90 • phase difference with small phase deviation is obtained as required. The measured phase deviation is less than ±2.5 • from 2.63 to 3.43 GHz (26.4% in fraction). The simulated and measured results are found in general agreement with each other. Meanwhile, the prescribed power division, filtering response, constant phase difference, and good isolation are all satisfactorily achieved. Furthermore, the proposed 90 • PD only occupies the overall size of 45.5 mm × 58 mm or 0.46 λ 0 × 0.58 λ 0 (λ 0 is the wavelength in free space at 3.0 GHz).
IV. SYNTHESIS OF SIXTH-ORDER 120 • FILTERING POWER DIVIDER (FPD) ON λ/4 RESONATORS
To verify the design flexibility, a sixth-order 120 • FPD on λ/4 resonators as shown in Fig. 16 will be synthesized and designed in this section. The FPD is implemented on the same substrate used above and is centered at 3.0 GHz with the fractional bandwidth of 25%. The elements of sixthorder Chebyshev low-pass filter are g 0 = 1, g 1 = 0.8206, : l ra = l rb = 13.2, l 1a = l 1b = 2.75, l 2a = l 2b = 2.53, l 3a = l 3b = 2.77, w 1a = 1.63, w 1b = 1.48, w 2a = w 3a = w 2b = w 3b = 1, w ca = w cb = 0.2, g 12a = 0.31, g 23a = 0.44, g ca = 0.19, g 12b = 0.29, g 23b = 0.42, g cb = 0.17, l ca = l cb = 0.5, D = 0.3, l d = 0.5, l s = 16.2, w s = 0.1, w 50 = 1.8, w t = 0.3, l i1 = 3, l i2 = 4, l o1 = 17.8, l o2 = 33.6. g 2 = 1.3769, g 3 = 1.7285, g 4 = 1.5445, g 5 = 1.5409, g 6 = 0.7332, g 7 = 1.1192 for the 25 dB in-band return loss. The port impedances are set as Z S = 50 for port 1 and Z A = Z B = 100 for port 2 and 3, respectively. For comparison, the power division-ratio is also set as k 2 = 1.
A. SYNTHESIS PROCEDURES 1). Achieve the 120 • phase difference at two output ports. The electrical length difference of θ A0 and θ B0 for the two feeding lines can be determined at first as
To achieve constant 120 • phase difference, the proposed FPD should satisfy synthesis equation in (18) . Meanwhile, close-form formula of phase slope for the designed sixth-order 120 • PD can be derived from (20) , that is
where E = g 1 + g 3 + g 5 + (g 2 + g 4 + g 6 )g 7 (36a) F = g 1 g 3 g 5 [g 4 g 6 + g 2 (g 4 + g 6 )] (36b) G = g 2 g 4 g 6 g 7 [g 3 g 5 + g 1 (g 3 + g 5 )] (36c) H = g 1 g 2 g 3 g 4 g 5 g 6 (36d)
In this design, FBW a = 0.25. Then, the theoretical value of FBW b is calculated as 0.268 from (35) . 2) Determine resonator impedances and isolation resistor. To show the design flexibility, we choose R iso = 453 in E96 series in this case, which is different from the previous design. For the λ/4 resonator, b r1a = π /(4Z r1a ). The resonator impedance Z r1a can be determined from (27) , that is
As discussed previously, higher-stage resonators can be arbitrarily designed for the proposed PD. Herein, we readily set Z r2a = 54.2 , Z r2b = 56.4 , Z r3a = Z r3b = . . . = 77 .
3). Calculate the values of admittance inverters. In this design, the value of J -inverter can be derived from (32a)-(32d), while the value of K -inverter can be obtained as
x r1b x r2b g 1 g 2 (39a)
x r3b x r4b g 3 g 4 (39b)
x r5b x r6b g 5 g 6 (39c)
In (39), x ria/b = Z ria/b π /4 for the λ/4 resonator. Based on (32) and (39), we can derive that J 01a = 6.64mS, K 12a = 10.01 , J 23a = 1.97mS, K 34a = 9.25 , J 45a = 1.65mS, K 56a = 14.22 , J 67a = 5.57mS; J 01b = 6.64mS, K 12b = 10.83 , J 23a = 2.01mS, K 34a = 9.62 , J 45a = 1.72mS, K 56a = 14.79 , J 67a = 5.68mS. 4). Map the calculated circuit parameters into physical dimensions. The J 01 admittance inverter is also realized by a λ/4 transmission line with impedance Z 01 = 1/J 01 . Herein, Z 01a = Z 01b = 150.6 is set to achieve J 01a = J 01b = 6.64 mS. The strip width and length of the microstrip line can be mapped by using LineCalc Tools in ADS as well.
Secondly, the K -inverter is realized by the shortended stub as depicted in Fig. 17 . Physical dimensions (l 1 , l 2 , and l r ) can be directly extracted according to the given coupling coefficient M ij and center frequency f 0 . The design formulas are thus deduced as
where c is the light velocity and ε re is effective dielectric constant. Thirdly, coupling coefficients and external quality factor can be determined by (33) . Therefore, we can derive that : l ra = l rb = 12, l 11a = 0.61, l 12a = 1.59, l 21a = 1.88, l 22a = 1.27, l 31a = 1.54, l 32a = 2.63, l 11b = 0.63, l 12b = 1.67, l 21b = 1.88, l 22b = 1.31, l 31b = 1.46, l 32b = 2.81, w 1a = 1.57, w 1b = 1.47, w 2a = w 3a = w 2b = w 3b = 0.8, w ea = 0.8, g 23a = 0.68, g 45a = 0.72, g 23b = 0.65, g 45b = 0.66, l ta = 8.54, l tb = 8.33, D = 0.3, l d = 0.4, l s = 16.2, w s = 0.13, w 50 = 1.8, w 100 = 0.44, w t = 0.3, l i1 = 3, l i2 = 4, l o1 = 8.35, l o2 = 29.53. M 34a = 0.159, M 45a = 0.169, M 56a = 0.245, Q eoa = 3.156. Among them, the physical dimensions of M 12 , M 34 , and M 56 can be determined by (40). Meanwhile, the physical dimensions of M 23 , M 45 , and Q eo can be extracted by using the approach in [35] and relevant results are depicted in Fig. 18 . Different from the previous design, J 67 (J N,N+1 ) is realized by tapped line to show the design flexibility. As such, overall physical dimensions of proposed FPD can be determined. The final layout and fabricated photograph are shown in Fig. 19 after minor fine tuning in the fullwave simulation.
B. EXPERIMENTAL RESULT
The simulated and measured frequency responses of the designed sixth-order 120 • FPD are portrayed in Fig. 20 . In our measurement, well-known TRL calibration technique is applied to remove the parasitic effects of SMA connectors. As shown in Fig. 20(a) , the functions of power division and filtering response are indeed obtained as required. Within the passband, the power is equally split with the |S 21 | and |S 31 | of 3+2.36 dB and 3+2.57 dB. Measured insertion loss is less than 2.57 dB, which is 0.79 dB higher than the previous third-order design, as probably caused by the extra losses owing to the increased stages and loaded pins [30] . However, the measured maximum amplitude imbalance of proposed 120 • FPD is only 0.21 dB. The measured S 11 , S 22 , and S 33 magnitudes are all better than -11.6 dB with the bandwidth of 27% for all three input and output ports. The measured return losses are worse than simulated results due to unexpected fabrication tolerance and transition losses in the measurement. But the simulated and measured filtering responses can be still found in good accordance with each other, which exhibit desired sixth-order response with sharp rejection skirt. More importantly, good isolation is obtained as expected and the measured result is better than 27.5 dB over the whole passband. Fig. 20(b) shows the phase response of the proposed PD. The wideband constant 120 • phase difference is obtained as desired. The measured phase deviation is less than ±4.4 • from 2.53 to 3.51 GHz with the bandwidth of 32.5%. The experimental results well verify that proposed design theory successfully integrates power divider, filter, phase shifter, and impedance transformer into only one component. The overall size is only 37.5 mm × 56.5 mm or 0.38 λ 0 × 0.57 λ 0 as shown in Fig. 19(a) . Furthermore, comparisons in a few critical parameters to other reported PDs in state-of-art are listed in Table 1 . It also has several advantages, such as low cost, simple geometry, small phase deviation and amplitude imbalance, easiness for design and fabrication.
V. CONCLUSION
In this paper, a new class of filtering power dividers with constant phase difference and good isolation is proposed for the first time. Compared with traditional counterparts, the arbitrary constant phase difference at two output ports can be realized within a prescribed bandwidth. The desired multiple functions of power dividing, bandpass filtering, phase shifting, and impedance transforming are realized in a single one component. Moreover, the proposed synthesis method can effectively determine the circuit parameters and physical dimensions for our presented power dividers with prescribed power-division ratio k 2 , phase difference , operation bandwidth FBW, filter order N , bandpass ripple L Ar , and terminated impedances Z S , Z A , and Z B . To validate design concept and theory, two practical prototypes have been successfully designed, fabricated, and measured. 
